Appreciable changes in the band intensity are attributed to the increase of the electron transfer parameter due to water loss. Quite good agreement with the experiment was found for a reasonable set of transfer and vibronic parameters.
Introduction
Intensive studies have been made of vanadomolybdophosphate heteropoly acids H 3+n PV n Mo 12-n O 40 (n = 0-3) (HPA), which have attracted wide scientific interest as catalysts. Heteropolyacids are composed of primary, secondary and tertiary structures. The primary structures represent the main building blocks of the HPA. These blocks have the form of Keggin units [1] . In the Keggin unit, four triads of M 3 O 13 ions can be distinguished where M is a transition metal ion. In each triad the MO 6 octahedra are joined with two neighbours along an edge and with two octahedra from neighbouring triads through an apex. The threedimensional arrangements of the Keggin polyanions, cations and other components of the HPA are regarded as the secondary structures. Tertiary structures can be observed when heavy alkali salts are formed [2] . Meanwhile in the mixed HPA compounds the Mo and V ions are distributed randomly. Moreover, depending on the manner of compound preparation, the vanadium ions can be located inside the primary (oxoanion) and/or the secondary structure [3, 4] . The vast experimental material also shows that heteropoly acids crystallize with a large number of water molecules : crystal and constitutional water. Under the action of an inert gas stream or when the temperature rises, the water can be removed. Two temperature regions of water loss exist, corresponding to two types of water. The widths of these regions and the starting points depend on the compound structure [5] . The characteristics and attributes of HPA are exhibited Preprint of the Department of Inorganic Chemistry, Fritz -Haber-Institute of the MPG (for personal use only) (www.fhi-berlin.mpg.de/ac) 3 clearly in the UV/Vis/NIR spectra. UV/Vis/NIR reflectance spectroscopy allows us to follow in situ the transformations of the HPA catalysts during thermal treatment, action of an inert gas and the catalytic reaction [6] . Meanwhile, to our knowledge no attempts at a theoretical analysis of the optical spectra of the HPA have been undertaken up until now. In the present paper the UV/Vis/NIR diffuse reflectance spectra of H 4 PVMo 11 O 40 · x H 2 O compound for different times on helium stream will be studied experimentally and theoretically.
Experimental details and results
A Perkin Elmer Lambda 9 spectrometer and a flow-through microreactor were used for in situ UV/Vis/NIR diffuse reflectance spectroscopy. The spectrometer is equipped with an integrating sphere together with an appropriate microreactor.
All spectroscopic measurements were carried out sequentially with spectralon as reference material. The apparent absorption was evaluated from the diffuse reflectance data using the formula 1-Rmixture/R SiO2 . Mixtures of H 4 PVMo 11 O 40 · x H 2 O and quartz (Hereaus) were made by grinding in the ratio 1 : 10.
The compound H 4 PVMo 11 O 40 · x H 2 O was prepared from stoichiometric mixtures of metal oxides (MoO 3 , V 2 O 5 ) and phosphoric acid in water. The details of the spectrometer equipment are described in [7] and that of the synthesis in [8] .
We arrived at the following numbering of the the UV/Vis/NIR diffuse reflecPreprint of the Department of Inorganic Chemistry, Fritz -Haber-Institute of the MPG (for personal use only) (www.fhi-berlin.mpg.de/ac) 4 tance spectra : 1, 2, 3, 4, 5, 6 and 7 for times 1.4; 1.9; 2.4; 4.1; 7.4; 9.9 and 12.2 hours on stream, respectively, as can be seen in Figure 1 .
Briefly surveying the experimental data on the reflectance spectra of 2) In the near ultraviolet the H 4 PVMo 11 O 40 · x H 2 O compound has a pronounced peak at 400 nm assigned to the LMCT band. In the range 250-540 nm the intensity and the shape of the spectrum do not change during the action of the helium stream. In the range of 600-1300 nm an asymmetrical broad band is observed. Its width significantly exceeds the width of the bands arising from the d-d transitions [9] . The maximum of this band is located in the range of 740-780 nm; a shoulder can be distinguished in the range of 900-1000 nm. We can also see from Fig. 1 that the spectrum intensity in Vis and NIR increases with the time on stream.
It should be stressed, however, that thus far the explanation of the optical spectra of heteropoly compounds has been based only on qualitative and semiempirical considerations. The assignment of intervalence charge transfer bands in the Vis and NIR range was made with the aid of the Jorgensen formula [10] [11] [12] . However this assignment is not convincing because the optical electronegativities for Preprint of the Department of Inorganic Chemistry, Fritz -Haber-Institute of the MPG (for personal use only) (www.fhi-berlin.mpg.de/ac) 5 metal ions are not essentially constant values and depend on the nearest ligand surrounding as well as on the type of the solvent in the case of a complex in solution. For that reason, we will advance a vibronic model of the optical spectra of mixed heteropoly acids below, with which we shall attempt to explain the observed spectra particularities and to show which information concerning mixed heteropolyacids can be extracted from the analysis of these spectra.
Qualitative Discussion
The quantitative determination of the vanadium (IV) content by EPR shows [13] that in the untreated heteropoly compounds vanadium is present as V(IV), and its amount is about 0.5-2 mol-%. In addition, the EPR spectra evidence proves that the removal of water by a He stream at room temperature for 24 hours does not change the degree of reduction. This is also confirmed by the fact that the intensity of the lowest energy charge transfer band (400 nm) is not diminished, as occurs when reduction takes place. Thus we may conclude that under a He stream the increase of the spectra intensity of HPA in the Vis and NIR range at room temperature is connected with water loss. With water removal the screening of electronic interaction between d 0 and d 1 transition metal ions is taken off, and the overlap of the orbitals of the adjacent d-ions increases, while the mean distance between these ions diminishes. This in turn facilitates the electron transfer. For example, the experimental data of paper [14] show that with a tem- In what follows the ions of the cluster will be denoted by the letters a and b. The Hamiltonian of this cluster has the form:
where H e is the electronic Hamiltonian including the interaction of the excess electron with its own and another center as well as the interaction with the crys- The parameter p reflects the geometry of the cluster and the overlap of the orbitals. The electron transfer between localized states belonging to different irreducible representations of the C 4v point group has been neglected. In papers [22, 23] 10 be small. The transfer of the electron between excited orbitals of the same symmetry is also negligible because the molybdenum orbitals φ e and φ b1 are higher in energy than those of vanadium (see section 5).
As the localized electron strongly perturbs the ligand environment, the vibronic coupling plays a considerable role in mixed-valence systems.
In the PKS model [24, 25] Finally, is the Hamiltonian of free lattice vibrations. Then we employed the adiabatic approximation, neglecting the nuclear kinetic energy in the Hamiltonian (7) . In this approximation the energies of a dimeric cluster represent the adiabatic potentials. This approach was used in papers [21, 26, 27] and was shown to give good results when calculating the spectroscopic and thermodynamic characteristics of mixed-valence systems. The molecular adiabatic potentials have the form :
The wave functions corresponding to the adiabatic potentials u ± (q + , q -) can be expressed as follows : Carrying out the integration in Eq. (11) for the form-function of the charge transfer band, we obtain the same formula as in papers [20, 28] .
Here d 0 = eR o /2 is the dipole moment of the cluster with the localized electron, and R o is the distance between the cluster ions. In the case of ħΩ » 2|p| the intervalence transition band has one maximum at the point Insofar as nonpolarized light is applied to the system, the "oscillator strengths" 
The values for the parameters
The band shape of the optical absorption of the dimeric cluster under examination depends on the mutual arrangement of the adiabatic potential sheets u ± (q + , q -), u i (q + , q -) and is governed by 15 parameters υ, p, ∆ i , υ i , ω, │<φ cΓγ │d│φ cΓ´γ´> │ 2 . In order to calculate the form of the spectrum in the Vis and NIR range of light we will first try to evaluate and discuss the values of the above-mentioned parameters.
We start with the determination of the vibronic parameters υ, υ i and the gaps ∆ i . The difference between the sixth ionization potential of Mo (67 eV) and the fifth ionization potential of V (65.2 eV) for free atoms is 1.8 eV [15] . This value can be significantly reduced in a coordination compound. Therefore the band at 900-1000 nm has been assigned to the V 4+ -Mo 6+ heteronuclear pair.
This assignment is consistent with the trends in the reduction potentials and the gaps between HOMO and LUMO in the V-substituted Keggin ions [29] [30] . Proceeding from these data we assign the maximum in the range 740-780 nm to the b 2 -e transitions in V 4+ and Mo
5+
-ions.
There is a further point to be made in support of this assumption. Generally based on the data of electronegativities a conclusion is drawn that the V-Mo charge transfer band is situated in the range of 13000-14000 cm -1 . Nevertheless this phenomenological assignment cannot be considered as a rule. It was shown above that the position of the charge transfer band and its intensity actually depend on two microscopic parameters υ and p reflecting the symmetry of the nearest environment of the d ions, the symmetry and overlap of the orbitals of interacting ions (see Eqs. (14), (15)). Even if a charge transfer band is assumed to be in the range of 13000-14000 cm The point charge model of the crystal field applied for the derivation of the formulae (20) and (22) correctly takes into account all symmetry aspects, but does not describe the covalency effects. In the framework of this model the covalency effects can be accounted for quantitatively by the determination of the radial integrals <r 2 > c and <r 4 > c in a semiempirical manner [19] . Here we apply the following procedure for the estimation of these integrals. Substituting (20) and (22) in (24) 
Numerical Simulation of the Absorption Spectra of HPA Intensity calculations
In Figure (14), (18) The most important characteristic of an absorption band is its zeroth moment, which measures the integrated intensity (area). We investigate here the variation of the intensity of spectra recorded at different times on helium flux. For each spectrum we calculate the intensity in the range of 612 nm < λ < 1340 nm using the theoretical formulae (10) - (17) . In order to compare the theoretical results with the experimental ones we introduce a parameter n i , characterizing the relative intensity increase of spectrum i :
here I 0 is the intensity of the spectrum 7 measured after 12.2 hours on stream.
The calculated and experimental values of the parameter n i are shown in Figure   6 . One can see a good coincidence of the theoretical and experimental points.
The theoretical calculations also make it possible to separate the contributions of the d-d transitions and the charge transfer band from the total spectrum intensity.
In Table 3 The inputs for the task were : the unit cell structure, the change of the EPR spectra under temperature and inert gas flux, the UV/Vis/NIR spectra for variabletime of the He flux from 1.4 to 12.2 hours at room temperature. The site symmetry of the cluster ions was supposed to be C 4v , the energy spectrum of each ion was assumed to consist of three levels with the symmetry b 2 ,e, b 1 .
The main results of the consideration can be summed up as follows:
In the adiabatic approximation the full pattern of the energy spectrum for a sin- which take place in the catalyst under different experimental conditions. In contrast, the model of chemical reactions based on the calculations of the molecular orbitals of the catalyst and reactant suggested in [35, 36] represents only an assumption that cannot be directly confirmed by experiment.
At the same time in order to discuss the real systems in more detail a generalization is necessary on several points. In the adopted model the covalency Table 3 Preprint 
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